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A method is presented for determining the optical thickness and effective particle radius of stratiform clouds 
from transmitted solar radiation measurements. The procedure compares measurements of the transmission 
function at water-absorbing and non-absorbing wavelengths with lookup tables of the transmission function 
precomputed for plane-parallel, vertically homogeneous clouds. Cloud thermodynamic phase may also be 
inferred from transmission function measurements at 1.02, 1.6, and 2.2 µm. The cloud optical thickness 
determined from transmission function measurements may be used to derive vertical profiles of cloud 
microphysics in combination with radar reflectivity factor. We have also developed an algorithm for solving the 
radar equation with a constraint of cloud optical thickness at visible wavelength. Observations of clouds were 
conducted during August and September in 2003 at Koganei, Tokyo, Japan, using a PREDE i-skyradimeter and 
a 95-GHz cloud radar SPIDER. Optical thickness and effective particle radius of water clouds were derived from 
i-skyradiometer observations. Then, utilizing the optical thickness obtained from i-skyradiometer observations, 
vertical profiles of the effective particle radius and liquid water content were derived from SPIDER observations. 
We found that the effective particle radius derived by using these two instruments were in good agreement. 
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1. INTRODUCTION 
 
It is commonly accepted that the cloud radiative effect is one of the most uncertain factors in 
predicting future global warming. Cloud radiative properties depend largely on the optical 
thickness and particle size. So far, several methods to remotely sense these parameters have 
been proposed, in which solar radiation reflected by clouds is measured at visible and 
near-infrared wavelengths from aircrafts or satellites (e.g., Nakajima and King 1990; 
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Nakajima and Nakajima 1995). 
This paper deals with ground-based measurements of transmitted solar radiation by a 
multi-spectral radiometer. As in the solar reflectance method, the principle of a method 
presented in this paper to infer cloud optical thickness and particle size is the fact that the 
transmission function of clouds at non-absorbing wavelengths is primarily a function of the 
optical thickness, whereas the transmission function at water-absorbing wavelengths is 
primarily a function of the particle size. 
In deriving the cloud optical thickness and particle size from reflected/transmitted solar 
radiation measurements, clouds are usually assumed to be vertically homogeneous. In reality, 
water clouds contain significant vertically inhomogeneity, which may influence the retrieval 
results. To address this issue, 95-GHz cloud radar observations were also made. We also 
present an algorithm for solving the radar equation with a constraint of cloud optical thickness 
at visible wavelength, by which we can derive vertical profiles of cloud microphysics. 
 
2. CLOUD OPTICAL THICKNESS AND EFFECTIVE RADIUS 
DERIVED FROM TRANSMISSION FUNCTION MEASUREMENTS 
 
 Let us consider the solar radiation incident on a plane-parallel atmosphere. We express the 
diffusely transmitted radiation at the bottom of the atmosphere as I(τc,µ,φ). The transmission 
function T(τc;µ,µ0,φ) is then defined by 
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In this expression, τc is the optical thickness of the atmosphere (or cloud), µ is the absolute 
value of the cosine of the observation angle measured with respect to the positive τc direction, 
φ is the relative azimuth angle between the direction of propagation of the emergent radiation 
and incident solar radiation, µ0 is the cosine of the solar zenith angle, and F0 is the incident 
solar flux density. Since observations presented in this paper were made at zenith, we will not 
consider the dependence of the transmission function on µ and φ. 
 For a cloud particle size distribution, we adopt a log-normal distribution of the form 
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where N is the total number concentration, r0 is the mode radius, and σ is the standard 
deviation. In terms of these parameters, the effective particle radius may be expressed as 
)2/5exp( 20 σrre = .                                 (3) 
In this paper, we assume σ = 0.35. 
We computed the transmission function for various values of τc, re, and the solar zenith 
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angle θ0 using rstar-4b, which is an accurate and efficient atmospheric radiation transfer code 
(Nakajima and Tanaka 1986, 1988). Figure 1 demonstrates the principles of the simultaneous 
determination of τc and re. The left panel shows computed relationships between the 
transmission function at 1.02 and 1.6 µm for water clouds when θ0 = 30°. The dashed lines 
represent the transmission function that results for specified values of τc, whereas the solid 
lines represent the transmission function that results for specified values of re. If cloud 
thermodynamic phase is known a priori, τc and re may be determined from transmission 
function measurements at these two wavelengths. 
 In general, cloud thermodynamic phase is not known. Therefore, transmission function 
measurements at 1.02 and 1.6 µm alone will not suffice to unambiguously determine τc and re. 
This ambiguity may be reduced by the additional 2.2 µm channel. The right panel of Fig. 1 is 
similar to the left panel, but for computed relationships between the transmission function at 
1.02 and 2.2 µm. If the cloud we now observe is actually a water cloud, and if we use lookup 
tables computed for water clouds, then almost same values of τc and re should be derived from 
analysis using either 1.6 µm or 2.2 µm. On the other hand, if the cloud is composed of ice 
particles, we should get better agreement between 1.6 µm and 2.2 µm from lookup tables 
computed for ice particles. This is the principle for inferring cloud thermodynamic phase. 
 
 
3. CLOUD VERTICAL PROFILES DERIVED FROM RADAR 
OBSERVATIONS 
 
The radar signal P(R) from the range R can be written in units of power as 
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Figure 1. Computed relationships between the transmission function at 1.02 and 1.6 µm (left) and 
1.02 and 2.2 µm (right) for various values of the cloud optical thickness and effective particle radius.
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where Ze is the effective reflectivity factor and σext is the extinction coefficient. For a cloud 
with particle size distribution n(r), Ze and σext are expressed as 
∫∞= 0 back25
4
)()( drrnrC
K
Ze π
λ ,              (5) 
and 
drrnrC )()(
0 extext ∫∞=σ ,                (6) 
where λ is the radar wavelength, K is defined using complex refractive index of water as K = 
(m2−1)/(m2+1), and Cback(r) and Cext(r) are the backscattering and extinction cross section of a 
particle with radius r, respectively. 
 We denote liquid/ice water content by ρ. Then Ze and σext may be written as 
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where ζ(re) is the effective reflectivity factor per unit liquid/ice water content, and κ(re) is the 
mass extinction coefficient. For a particle size distribution given by equation (2), ζ and κ may 
be computed as a function of the effective radius re. 
 Kumagai et al. (2000) presented a method for solving equation (4) to obtain vertical profiles 
of cloud microphysics ρ and re, with a constraint of total liquid water path obtained from a 
microwave radiometer. We have developed another method for solving equation (4) with a 
constraint of the cloud optical thickness at visible wavelength, which may be obtained from 
transmission function measurements as described in Section 2. Details of our method will be 
described elsewhere. 
 
4. RESULTS 
 
Ground-based observations of clouds were conducted during August and September in 2003 
at Koganei (35.71°N, 139.49°E), Tokyo, Japan. The instruments used were a PREDE 
i-skyradiometer and a 95-GHz cloud radar SPIDER. 
Figure 2 shows cloud optical thickness (top panel) and effective particle radius (bottom 
panel) derived from the transmission function observed by the i-skyradiometer. For the time 
period shown in Fig. 2, our algorithm suggests that cloud particles were in liquid water phase. 
At the same time, SPIDER detected a cloud layer at about 1 km height, indicating that the 
cloud thermodynamic phase was properly determined by our algorithm. 
 The cloud optical thickness shown in Fig. 2 was used, in combination with radar reflectivity 
factor taken by SPIDER, to derive vertical profiles of cloud microphysics using the algorithm 
presented in Section 3. Figure 3 shows the time-height profile of the effective particle radius 
for the same time period as Fig. 2. 
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Figure 2. Cloud optical thickness (top) and effective particle radius (bottom) derived from
transmission function measurement. 
Figure 3. Effective particle radius derived from SPIDER with a constraint of cloud optical thickness
obtained from i-skyradiometer. 
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From this analysis, minimum and maximum values of the effective radius are determined 
along the vertical direction, which are denoted by vertical bars in bottom panel of Fig. 2. 
Comparing the effective radius derived by the two different algorithms, we find good 
agreement between them. 
 
5. CONCLUSIONS 
 
 We have developed an algorithm to derive the optical thickness and effective particle radius 
of stratiform clouds from measurements of the transmission function at near-infrared 
wavelengths. A method for deriving cloud vertical profiles from cloud radar observations has 
also been introduced, in which cloud optical thickness at visible wavelength is used as a 
constraint in solving the radar equation. Good agreement was obtained between these two 
methods for the effective particle radius, suggesting that the method to solve the radar 
equation with a constraint of visible optical thickness is also promising. 
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